Summary
The influence of the method used to prepare electrically conductive composites based on polyethylene, polypropylene, and carbon black on their properties at elevated temperatures V.A. Markov 
INTrODuCTION
In polymer composites with carbon black (CB), considerable changes in electrical resistance are observed at elevated temperatures, characterised by abnormal positive and negative temperature coefficients of electrical resistance (PTC and NTC respectively). This makes it possible to manufacture, on their basis, self-regulating polymeric heaters. In recent years, electrically conductive polymer composites with an inhomogeneous distribution of CB in heterophase polymer blends have begun to be investigated intensively [1] [2] [3] [4] [5] [6] . As filled composite materials, composites of this kind were always of interest to the first Head of the Faculty of Plastics Processing Technology of the Moscow Institute of Fine Chemical Technologies, Prof. G.V. Salagaev, and his students [7] . The use of blended matrices in electrically conductive composites makes it possible to vary the electrical and physicomechanical characteristics of conductive composites with CB in a wide range, e.g. to increase their heat stability by adding a high-melting polymer component. In such composites, the polymers may form either interpenetrating continuous phases or isolated inclusions of one polymer in the continuous phase of the other polymer [8] , or both at the same time [9] . In such systems, disperse fillers are generally distributed non-uniformly [2, 4, 10] , affecting the morphology, the crystallisation process, and the properties [1, [11] [12] [13] , including the electrical properties, of blended composites, as the threshold of flow depends on their morphology [1, 3, 5, 6] . It is noted that in blended composites the CB particles may both be within the polymer phases and at their interface [8, 14] , and the nature of distribution of the filler in the blend is affected by different factors, such as the surface tension, the ratio of viscosities of the polymer components of the filled mix, and the interphase interaction in polymer-polymer and polymer-filler systems [14] [15] [16] [17] [18] [19] . Furthermore, the distribution of CB is influenced by the conditions of the blend preparation process [10, 14, [20] [21] [22] [23] [24] [25] . It is suggested that CB particles may be redistributed to the boundary between the polymers. However, in contrast to low-molecular-weight liquids, the redistribution of particles at the boundary between two polymers depends decisively on the sequence in which the CB is mixed with the polymer components [2, 13] , and here the CB is preferentially in the phase of the polymer component with which it was first mixed [2, 4] . However, when the components are mixed, there is a possibility that carbon particles will migrate from the melt phase of one polymer into the phase of the other, or to their interface, and this will affect the level of conductivity and make it possible to judge the nature of distribution of CB in the blended composite [2, 4, 8, 13] . The mixing method affects not only the distribution of CB in the polymer phases but also their microstructure and the physical properties of the composites, especially their heat stability, the magnitude of which determines the areas of application of polymeric heaters manufactured from them, but there have been few studies of the influence of the mixing method on the phase morphology of blended composites with CB and their properties [13] .
maTErIaLS aND mETHODS
The investigation was conducted on electrically conductive polymer composites produced from the following materials. The matrices of the composites were the thermoplastic polymers high-density polyethylene (HDPE) 277-73 (GOST 16338-85) and polypropylene (PP) 01050 (TU 2211-015-00203521-99). The electrically conductive filler was highly dispersed furnace black of grade UM-76 with an average particle size of about 25 nm (TU 38-10001-94), produced specially for use in electrically conductive polymer composites.
The composites were mixed in a Brabender plastograph with a working chamber volume of 30 cm 3 . The given rotor mixer models well the conditions of mixing in closed batch mixers and twin-screw extruders. The temperature of the mixing chamber was maintained by liquid heating and amounted to 190°C. The plasticisation time did not exceed 3 min. The CB and modifying additives were introduced into the polymer melt at the start of mixing. For guaranteed quality of mixing, a mixing time of 10 min was selected. Given the possibility of a more complex CB distribution in two-component blended matrices by comparison with single-component matrices, the method of mixing of the components becomes very important. Several methods of mixing CB with PE and PP were investigated. The components were combined in two stages: initially, two-component mixtures of PE or PP with CB were prepared (PE/CB and PP/CB), and also blends of PE with PP (PE/PP), and then the third component was introduced, depending on the prescribed composition -PE, PP, or CB, or the mixtures PE/CB and PP/CB were combined. Thus, we obtained different blended composites with CB of identical composition (with a PE:PP ratio of 1:1, and a total CB content of 11.7 vol%) but differing in the order of combination of the components (the premixed components are given in parentheses): (PE/TU)/PP, (PP/CB)/PE, (PE/PP)/CB, and (PP/CB)/(PE/CB). Specimens for thermoelectric investigations were prepared by pressing at a temperature of 200°C for 5 min, with simultaneous embedding of contact electrodes of cleaned and degreased brass mesh L-80 (GOST 6613-86). The pressed specimens cooled down between the steel plates of the mould from 200 to 70°C over a 20 min period, after which they were finally cooled at air temperature (20°C). Cylindrical specimens for dilatometric and dynamic mechanical analyses were pressed on an IIRT instrument using plugs instead of capillaries with a load of 20 kg. The pressing process included heating up of the material for 10 min at a temperature of 200°C and subsequent slow cooling for 1 h, after which the obtained pellets were removed.
To assess the change in mechanical properties at elevated temperatures, the dynamic mechanical analysis (DMA) method (ASTM D5024-95a) was used. Investigations were conducted on a Netzsch DMA 242 instrument in a compression regime with heating from 25 to 180°C at a rate of 3 deg/min. The frequencies of the oscillating load were 0.1, 1, 10, 50, and 100 Hz. The processes of melting and crystallisation of the polymer phases were investigated by differential scanning calorimetry (DSC) on a Netzsch DSC 204F1 Phoenix instrument during heating and cooling in the temperature range 20-200°C at a rate of 3 deg/min. The degree of crystallinity was calculated using the α cr (%) equation: (1) where DH m is the enthalpy of melting of the polymer phase of the specimen, calculated according to the results of DSC with account taken of the mass fraction of CB, and DH m is the enthalpy of melting of the polymer with 100% crystallinity [13] . Investigation of the volume thermal expansion of the composites was conducted by dilatometry using an MV-3M instrument during heating and cooling in the temperature range 20-200°C with a heating and cooling rate of 3 deg/min. The change in the volume of the pellets, which in the cylindrical channel of the instrument was expressed as the increase in height, was controlled according to the magnitude of plunger displacement h with an accuracy of up to 0.01 mm. Therefore, allowing for the invariability of the diameter of the pellets during the experiment, the coefficient of volume thermal expansion β was calculated by means of the formula:
T/15 (2) where h 1 and h 2 are the plunger displacements at temperatures T 1 and T 2 (on the linear section of the dilatometric curve), and H is the initial height of the pellet. The electrical resistance of the specimens was measured using a DT9208A ohmmeter. Investigation of the effect of heating was conducted in a SNOL 3.5 oven ensuring that a temperature (T) from 20 to 350 ± 2°C was maintained and a heating rate of 3 deg/ min. Investigation of the morphology of composites was conducted on a Tesla BS 340 scanning electron microscope (SEM). To contrast the surface, the specimen was subjected to etching with high-temperature oxygen plasma. After etching, a conductive film of gold and palladium with a thickness of several nm was applied on the specimen. The obtained specimens were placed in the chamber of the microscope for investigations.
rESuLTS aND DISCuSSION
The use in the self-regulating heaters investigated in this work of electrically conductive polymer composites presupposes their increased heat stability and the absence of the undesirable effect of an NTC. The presence of the latter may cause a sudden change in current and 'burn-out' of the polymeric heater at high service temperatures. The method used to achieve these positive qualities of the electrically conductive polymer composites in this work was to introduce higher-melting PP into the PE composite with CB. To assess the retention of rigidity at elevated temperatures, use was made of the universal DMA method, which makes it possible to assess the heat stability of composites according to the intensity of increase in the mechanical loss tangent tg δ with increase in temperature. As shown by investigation of the temperature dependences of tg δ (Figure 1) , at all frequencies of oscillating compression, owing to the presence of the PP phase, the heat stability of all investigated electrically conductive specimens is considerably higher than for the PE/CB composite without PP (127°C, curve 1) and approaches the heat stability of the PP/CB composite (160°C, curve 6). This indicates the continuity of the PP phase in all the investigated blended composites. In contrast to the composite PP/ CB, on the diagrams of the blended composites, peaks appear in the temperature range 120-130°C that are characteristic of PE passing into a melt. Here, the melting of PE has the greatest effect on the heat stability of the blended composite (PE/PP)/CB in which the phase structure was formed before CB was introduced into the composite (curve 3).
The most heat stable proved to be composites in which CB was introduced beforehand into the PP melt (curves 4 and 5). It is these blended composites that are most similar in heat stability to polypropylene, although the polyethylene phase lowers their rigidity. The difference in the behaviour of blended composites (PE/PP)/CB and (PE/CB)/(PP/CB) may be due to differences in their morphology. Although both composites possess the structure of interpenetrating continuous phases of PE and PP, in the case of the combination of high-viscosity carbon-black-filled PE/CB and PP/CB melts, owing to higher shear stresses during mixing, a higher degree of dispersion of elements of the phase structure (Figure 2b) of
Figure 1. The temperature dependences of the mechanical loss tangent tg δ (at 1 Hz) of blended composites: 1 -PE/ CB; 2 -(PE/CB)/PP; 3 -(PE/PP)/CB; 4 -(PE/CB)/(PP/ CB); 5 -(PP/CB)/PE; 6 -PP/CB

Figure 2. Micrographs of the structure of (PE/PP)/CB (a) and (PE/CB)/(PP/CB) (b) composites, obtained by scanning electron microscopy at a magnification of 2000×
the blend is achieved, with a more developed interphase surface. This ensures a greater influence of PP on the mechanical behaviour of the PE component.
It is known that the investigated effects of a PTC and an NTC of electrical resistance of PE-based polymer composites are due to the melting/crystallisation of PE [26] . Analysis of melting and crystallisation processes by DSC and dilatometry methods showed that all the obtained temperature dependences of the specific heat flow (F-T) (Figure 3) and the coefficient of volume thermal expansion (β-T) have peaks in the temperature regions corresponding to the temperature ranges of melting and crystallisation of both phases (PE and PP).
Change in the area of the melting and crystallisation peaks of the PE and PP phases in blended specimens in comparison with the peaks of composites PE/CB and PP/CB (curves 1 and 6) is due mainly to reduction in the proportion of the corresponding phases from 100 to 50% in blended composites. In view of the similarity of the temperature ranges of crystallisation of PE and PP during cooling of melts, the peaks on the DSC thermograms that correspond to their crystallisation are superimposed on each other. The tendency for a separate peak of PP crystallisation to form and its displacement towards higher temperatures in the order of composites (PE/PP)/ CB, (PE/CB)PP, (PE/CB)/(PP/CB), and (PP/CB)/PE can be noted. As can be seen from Figure 3 , on the DSC thermogram of the latter blended composite (curve 5), a separate peak of PP crystallisation appears that differs from the PE peak. A similar peak was also found by Yin et al. [13] . Thus, with the introduction of CB into a blend of PP and PE, the peaks of melting and crystallisation of the phases are retained, and their position on the temperature scale changes little.
Analysis of the process of melting of blended composites indicates a certain displacement of the peaks of melting of the PE phase towards lower temperatures, with the exception of the (PP/CB)/PE composite (curve 5) in which CB was introduced beforehand only into PP and not into PE. On dilatometric thermograms of the change in the coefficient of volume thermal expansion β of blended composites (in Figure 4 only the region of volume expansion during crystallisation is shown), the peak characterising the sharp increase in volume during the crystallisation of the (PP/CB)/PE composite (curve 5) is also found in the region of high temperatures and is more pronounced in comparison with the remaining peaks. Figure 5 presents the temperature dependences of relative electrical resistance of (ρ/ρ 20 -T) of the obtained composites. The nature of these dependences is connected with the nature of the dependences obtained by DSC and dilatometry. A maximum of electrical resistance in the temperature range of melting of PE during heating (referred to below as the PE peak) appeared for all the composites (Figure 5a ).
The height of the PE peak increases in the order (PE/ CB)/PP < (PE/PP)/CB < (PE/CB)/(PP/CB) < (PP/CB)/PE, which corresponds to a reduction in the actual CB content in the PE phase. Unexpected was the appearance of a PE peak for the (PP/CB)/PE composite into which CB was introduced only into the PP phase (curve 5). This could be considered to be the consequence of the migration of CB 
-(PE/CB)/PP; 3 -(PE/PP)/CB; 4 -(PE/CB)/(PP/CB); 5 -(PP/CB)/PE (the numbering of the curves is as in the previous figures)
T /17 particles from the PP into the PE. However, in microscopic investigations, it did not prove possible to confirm substantial migration of CB. The presence of this PE peak, including in the indicated composite, is probably due to the fact that all the investigated blended composites, including (PP/CB)/PE, are inhomogeneous. The size of the phase microregions of the PE phase amounts to 2-10 µm, depending on the method of combination of the components (Figure 2) . During the melting of these microregions of PE, the blended matrix is converted into a 'PE melt-PP solid' microheterogeneous system. Sharp increase in the volumes of the many PE 'drops' in the solid PP matrix is accompanied with the emergence of microstrains that break the conductive chains of the CB not only in the PE but also in the PP. This leads to an increase in ρ/ρ 0 when the T m of PE is reached, even in the absence of CB in the latter. Therefore, the nature of these dependences differs from the nature of the DSC thermograms and dilatometric thermograms with two PE and PP peaks. The conductive channels in the PP matrix that are broken when the PE melts do not recover with increase in temperature. That is, for 'barrier' electrical resistance to appear in an electrically conductive PP composite with CB at a temperature below the melting temperature of PP (120-125°C), the presence of the lowmelting PE component in the conductive PP composite is sufficient. The influence of the PP phase is manifested by the appearance in the composite of a high ρ plateau at T above 150°C. In turn, the appearance of a PE peak during crystallisation of cooled melts of the blended composites is due to the fact that shrinking microparticles of 'solid' PP appear in the PE melt, and here PP peaks appear on all ρ-T dependences (Figure 5b ).
CONCLuSIONS
Thus, the introduction into electrically conductive blended polymer composites based on PE of a polymer with a higher melting temperature (PP) makes it possible to increase the heat stability and eliminate the undesirable effect of an NTC, which is capable of resulting in breakdown of the polymeric heater at elevated temperatures.
In electrically conductive polymer composites based on blends of PE and PP, the effect of an increased positive temperature coefficient, which ensures self-regulation of the power of the polymeric heater, appears at the start of melting of the PE phase even when CB is introduced only into the PP. This may be due to the appearance in the blended composite at these temperatures of expanding microregions of PE melt.
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